This study examines the relationship between focusedstimulation thresholds, electrode positions, and speech understanding in deaf subjects treated with a cochlear implant (CI). Focused stimulation is more selective than monopolar stimulation, which excites broad regions of the cochlea, so may be more sensitive as a probe of neural survival patterns. Focused thresholds are on average higher and more variable across electrodes than monopolar thresholds. We presume that relatively high focused thresholds are the result of larger distances between the electrodes and the neurons. Two factors are likely to contribute to this distance: (1) the physical position of electrodes relative to the modiolus, where the excitable auditory neurons are normally located, and (2) the pattern of neural survival along the length of the cochlea, since local holes in the neural population will increase the distance between an electrode and the nearest neurons. Electrode-to-modiolus distance was measured from high-resolution CT scans of the cochleae of CI users whose focused-stimulation thresholds were also measured. A hierarchical set of linear models of electrodeto-modiolus distance versus threshold showed a significant increase in threshold with electrode-to-modiolus distance (average slope=11 dB/mm). The residual of these models was hypothesized to reflect neural survival in each subject. Consonant-Nucleus-Consonant (CNC) word scores were significantly correlated with the within-subject variance of threshold (r 2 =0.82), but not with within-subject variance of electrode distance (r 2 =0.03). Speech understanding also significantly correlated with how well distance explained each subject's threshold data (r 2 = 0.63). That is, subjects with focused thresholds that were well described by electrode position had better speech scores. Our results suggest that speech understanding is highly impacted by individual patterns of neural survival and that these patterns manifest themselves in how well (or poorly) electrode position predicts focused thresholds.
INTRODUCTION
Since the introduction of the first cochlear implant in the 1970s, implant recipients' speech reception in quiet has improved to the degree that many recipients can converse confidently over the telephone. However, there is still much variability from listener to listener. One hypothesis concerning the wide range of outcomes across listeners is the difference in neural survival patterns across different listeners. Age, etiology, and duration of deafness are significant predictors of speech understanding with cochlear implants (Blamey et al. 1996; 1992; Holden et al. 2013) , and they are also predictors of spiral ganglion cell (SGC) counts (Makary et al. 2011; Nadol et al. 1989 ). Yet, a firm connection between speech understanding and SGC counts was not found in the two small studies on the topic which examined cadaveric temporal bones of subjects whose speech understanding in life had been measured (Fayad and Linthicum 2006; Khan et al. 2005) .
Assessing neural survival in living cochlear implant users presents several challenges. and Bierer (2007) used psychophysical tests to determine the effectiveness of the electro-neural interface in living human subjects without information about electrode position, while Cohen et al. (2001) measured the impact of electrode position on threshold, comfort level, and dynamic range using information from Xrays. The present paper brings these approaches together in a study of a single group of subjects with the addition of high-resolution CT scans for determination of electrode position. Our conceptual model of the status of the auditory nerve and electrode positions is similar to that described by Bierer (2010) . That is, the reference situation contains a full complement of SGCs and electrodes close to the modiolus. In this best case, one would expect to find low focused stimulation thresholds and good speech understanding. In contrast, electrode arrays with variable distances even with a full complement of SGCs would be expected to produce variable focused thresholds (explainable by distance) and good speech understanding. Finally, a sparse or patchy complement of SGCs could produce high focused thresholds not explainable by distance and poor speech understanding. In summary, we hypothesize that neural survival has a significant impact on threshold and speech understanding while variations in electrode to modiolus, medial-lateral (EMML) distance only affect thresholds significantly. This paper analyzes the applicability of such a conceptual model by examining the relationships between speech understanding, focused thresholds, and electrode positions.
In addition, we examine whether mean threshold alone or mean EMML distance alone predicts speech understanding. We also consider the potential contribution of bone and fibrous tissue growth and electrode scalar position to the threshold and speech understanding results.
METHODS
We studied ten listeners using three different techniques: psychophysical thresholds, CT scans, and speech understanding measures. Speech understanding was measured using Consonant-NucleusConsonant (CNC) word scores (Peterson and Lehiste 1962) . The CNC word scores were obtained using a monopolar ACE strategy with two lists per test presented at 70 dB SPL. This was done at 12 months post-activation, after the scores typically have reached asymptote (Holden et al. 2013) . The logit of the CNC word score was used in all correlations in order to correct for the non-normality of percent correct scores (Judd et al. 2009 ). We measured psychophysical thresholds to electric stimuli using a multipolar current focusing paradigm . This multi-electrode configuration focuses the voltage in the cochlea and has been shown to provide psychophysically narrow regions of excitation ) and to increase spectral resolution when incorporated into a full sound coding strategy (Smith et al. 2013) . Subjects were adult users of an experimental cochlear prosthesis that contained no implanted electronic components. It consisted of a 22-contact intracochlear Nucleus® Contour Softip™ perimodiolar electrode array and two extracochlear electrodes located below the temporalis muscle. Wires from all electrodes were terminated directly to a connector housed in a percutaneous titanium pedestal mounted to the skull behind the ear. For take-home use, each subject was equipped with an externally worn receiver stimulator that was electrically equivalent to a Nucleus® Contour Advance™ implant. Through the percutaneous device we could present 24 simultaneous electrode currents with high precision using bench-top current sources. The focused thresholds were obtained with biphasic, pulse-train stimuli at a 250-pps rate with 100-μs phase duration, 0-μs interphase-gap, and 200-ms train duration. Thresholds were measured using a method of adjustment (MOA) procedure until adaptive software became available. Thresholds collected over time were averaged in order to obtain the best prediction of the true mean per electrode, per subject. An average of five thresholds per electrode per subject was obtained (see Table 2 ). In all cases, the mean within-subject, within-electrode standard error of the thresholds was less than 1 dB.
MOA threshold data were obtained using a subjectcontrolled interface and a one interval procedure. The subject had access to two large arrows (producing five current level [CL] steps) and two small arrows (producing 2CL steps). A 2CL step is equivalent to a 0.35-dB current change. Subjects were instructed to bring the loudness from inaudible up to medium, then to reduce the loudness until a small arrow step caused a transition between hearing something and hearing nothing. Subjects could repeat this as many times as they wished.
The adaptive procedure used a three alternative forced choice procedure with a two-down, one-up staircase (Levitt 1971) . A set of eight reversals was used with the last six reversals used in the average. The steps were 5CLs for the first three reversals, 2CLs for the next three reversals, and 1CL for the last two reversals. The procedure converged on 70.7 % correct. Only the thresholds from the middle 20 channels were used in further analysis, as focusing is reduced at the most apical and basal channels. In addition, monopolar (MP), bipolar (BP), and tripolar (TP) thresholds were measured in a number of the subjects using the same methods. BP thresholds were measured in BP+0 mode (on adjacent electrodes). TP thresholds were measured in full tripolar mode with no extra-cochlear return current. The average spacing between adjacent electrodes was 0.6 mm. The research received approval of the relevant ethical review body, Western IRB.
Analysis of Position of Implanted Electrodes from CT Scan Data
We also measured electrode positions and calculated the distance of each electrode from the modiolar wall of the cochlea using methods that overcome metal artifact contamination and correctly identify the position of implanted electrodes in the inner ear. This is described in more detail by Skinner et al. (2007) and validated by Teymouri et al. (2011) . Using well-defined anatomical landmarks, we co-registered an individual's pre-implant CT voxel space, optimized for anatomical detail, with their post-implant CT image space, optimized for resolution of the electrode (ANALYZE software, Mayo Clinic, Rochester, MN, USA; Robb 2001). The electrode lead wires and contacts were identified, segmented from the postimplant image data, and copied into the pre-implant image space to provide a composite image of electrode placement within an individual's cochlea. To better visualize the scalar position of the segmented array and the individual electrode contacts, a high resolution cochlear atlas was then aligned with the aforementioned composite CT volume to estimate the location of fine and soft tissue intra-cochlear structures not resolved by CT, such as the basilar membrane. The atlas was based on an orthogonal-plane, fluorescence optical sectioning (OPFOS) microscopy scan of a single male donor with normal cochlear anatomy and illustrates details of both the soft tissue and bony structure of the cochlea (Voie 2002). The atlas was used to supplement information gathered from the pre-operative and post-operative CT scans of these subjects. Alignment and scaling of the atlas allow for good matching: 77 % of the variance in the length of the organ of Corti can be accounted for by a single measurement of the distance from the middle of the round window through the cochlea midpoint to the opposite side (Stakhovskaya et al. 2007 ). Thus, for this group of adults, with no cochlear dysplasia, a single scaled atlas was used. Figure 1A shows a composite CT volume rendering of subject S41's cochlea and electrode array viewed along the mid-modiolar (MM) axis. The figure also shows the markers and lines used to measure the participant's cochlear dimensions and array position. The dark line and gray hash marks in Figure 1A show the path of the array and the location of the 22 electrode contacts of a Contour Advance™ array (E A denotes apical-most electrode, E B denotes basal-most electrode).
Identifying Medial Wall Where Not Resolved by Pre-operative CT High-resolution (i.e., 100-μm cubic voxels) post-operative CT scans were acquired using the same equipment and protocol as described in Skinner et al. (2007) . Subjects for whom a high-resolution preoperative CT was not available and who had an unimplanted contralateral cochlea had the post-operative scan of the contralateral ear flipped and used in place of a pre-operative CT image. This technique was based on results from a micro CT analysis of 14 sets of matching left and right cadaveric temporal bones, which demonstrated differences much less than the measurement error of clinical scans. For subjects with bilateral implants, their highest resolution pre-operative CT scan was upsampled if necessary and used for the analysis. Automatic thresholding of the position of cochlear canal walls fails where the inter-scalar septum or the modiolus itself is smaller than the resolution of the CT. Alternatively, automatic thresholding can fail when partial-volume averaging results in an intensity value that is below the threshold being used to differentiate the bone of the otic capsule from the fluid/tissue space of the cochlear canal. This is most problematic when measuring the inner canal wall for insertion angles greater than 300°( i.e., more apically) and for subjects without a highresolution image set. For these measurements the OPFOS cochlear atlas was used to assist in identifying the unresolved medial wall and modiolus. Figure 1C shows an example of a subject's pre-operative clinical CT scan that was not acquired at high-resolution and Figure 1D shows how the OPFOS image can be examined to estimate the location of the modiolar wall. For more apical electrodes, the cochlear boundaries from the pre-operative scan (in green) are less clear and the registered OPFOS image is more informative and is used to estimate the distance to the modiolar wall. Figure 1B shows an example measurement of EMML distance and insertion angle for subject S41's electrode 6, where A is the distance to the lateral wall, B is the distance to the electrode, and C is the distance to the inner wall from the MM axis along a medial-lateral line through the electrode. In this paper we report the EMML distance: the distance in millimeters of the electrode from the inner wall (B-C). Given that the inner wall is not always orthogonal to the axis defined by the electrode to MM axis, some variability across electrodes is introduced into the distance measure. Therefore, all analyses were repeated using percent distance (100 × (B-C)/(A-C)), which removes this variability. The conclusions of this study were not altered by these analyses, so for clarity we only describe the results in detail using millimeter distances.
RESULTS
CNC word scores at 12 months post-activation ranged from 25 % to 94 %, with a mean of 69.6 % and standard deviation (std) of 21.5 % correct as shown in Table 1 . Holden et al. (2013) reported an average CNC Final word score of 65.4 % (std 20.7 %) for 114 subjects, which is not significantly different from our group mean (twotailed t-test; t(122)=0.613; p=0.541). Thus, our small group appears to have a similar distribution of word scores as a larger cochlear implant population. CT scan based distances between the electrodes and the modiolus are shown in Figure 2 for all ten subjects. There is a wide variability of distance both within and across subjects, with a total range of 0.1-1.8 mm. The seven most apical electrodes of the array are closer to the modiolus (mean=0.53 mm, std= 0.23 mm, n=10) than the eight at mid-array (mean= 1.09 mm, std=0.17 mm, n=10) and the seven at the base (mean=0.99 mm, std=0.39 mm, n=10). The positions of the basal seven of the electrodes are more variable across subjects than the middle eight. The most apical electrode for subject S54 "folded over" and so the medial-lateral distances for many of this subject's apical electrodes were elevated com- hash marks show the path of the array and the location of the 22 electrode contacts of a Contour Advance™ array (E A apical-most electrode, E B basal-most electrode). Shown are the center of the round window (RW), the cochleostomy site, the 0°start point, the apex of the cochlea, the mid modiolar axis and the 0°reference line. B The distance from the mid-modiolar (MM) axis to the inner wall "C", from the MM axis to the electrode "B", and from the MM axis to the outer wall "A" are shown here for S41's electrode 6. This is a slice through the cochlea looking down the mid-modiolar axis. We use the information to determine the electrode to modiolus mediallateral (EMML) distance, "B" minus "C". C The electrode positions (red) relative to the clinical CT in greyscale with boundaries derived from the clinical CT in green for a participant with a low resolution pre-operative scan. D The same electrode positions and boundaries relative to the aligned OPFOS cochlea. The boundaries of the cochlea from the clinical CT are less clear toward the apex (i.e., the green boundary stops), while the boundary identified by the OPFOS template continues. Using the OPFOS image allows EMML distance measures to be made at the apex.
pared to the other subjects. Tip fold over can result in broken wires and an electrode that cannot be stimulated or an atypical pattern of distances of electrodes from the modiolus (Vanpoucke et al. 2012) . Figure 3 shows Monopolar (MP) thresholds and Phased-Array (PA) thresholds (van den Honert and Kelsall 2007) for all subjects. MP thresholds are relatively homogeneous across the cochlea within a given subject compared to the PA thresholds, which can vary from as low as MP thresholds to greater than 20 dB higher. The within-subject variance of threshold is on average 2.25 dB 2 across subjects for MP mode and 34.8 dB 2 for PA mode. The variance of the PA thresholds was significantly correlated with the logit of the speech understanding score (r 2 =0.82;
.7; p=0.0003; n=10). The variance of the BP thresholds was significantly correlated with the logit of the speech understanding score (r 2 =0.82; F(1,5)=22.7; p=0.005; n=7). The variance of TP thresholds was marginally significantly correlated with the logit of the speech understand score using the five subjects with thresholds (r 2 =0.72; F(1,3)=7.7; p=0.070; n=5). The variance of the MP thresholds was not significantly correlated with the logit of the speech understanding score (r 2 =0.002; F(1,8)=0.02; p=0.893; n=10). Figure 4A shows the raw data and linear regression lines for PA threshold and EMML distance for subjects S40 and S36, who had the best and worst CNC word scores, respectively. S40 had relatively low thresholds on average (46.15 dB re 1 μA), while S36 had higher ones on average (54.60 dB re 1 μA), but there is an overlap between the sets of thresholds. Thresholds for each of these subjects (expressed in dB) are well described by a linear relationship to medial-lateral distance (see Table 2 ). The PA threshold as a function of distance for S40 shows a significant correlation between distance and threshold (r 2 =0.32, p=0.00949). S36 shows a different pattern, but a similar effect of distance on threshold (r 2 =0.62. p=0.00004). Figure 4B ,C,D,E shows the threshold-to-distance relationship for the eight other subjects. There was a significant correlation of threshold with distance for seven of the ten subjects (pG0.01) as shown in Table 3 . Distance explains between 32 % and 65 % of the threshold variance (for those seven significant subjects). Only subjects S41, S54, and S55 do not show a significant positive correlation of distance and threshold at a p=0.05 level. Figure 4F shows the linear fits per subject without the raw data, where it is easy to see the similarity in slopes across most subjects. The average slope is 11 dB/mm and significantly different from zero (F(1,9)=21.28; p=0.0013; n=10). Speech reception data were collected at the subject's clinical site at 12 months post-activation. MAP and sound processor settings were deemed acceptable by the clinical audiologist prior to testing. In speech testing, all subjects used their percutaneous cochlear implant with a Contour Advance™ electrode array attached to a commercial sound processor providing MP ACE stimulation The average slope in terms of percent distance is 0.25 dB/percent-distance and is significantly different from zero (F(1,9)=26.18; p=0.00063; n=10). We also obtained TP thresholds with a subset of five listeners and found an average slope of 13 dB/ mm for TP thresholds and EMML distance which was marginally significantly different from zero (F(1,4)= 6.62; p=0.062; n=5). For BP thresholds, we found a significant 10 dB/mm average slope across the subjects tested (F(1,6)=11.70; p=0.014; n=7). For MP thresholds, we found a significant, average slope of 2 dB/mm across ten subjects (F(1,9)=13.78; p=0.0048; n=10). Table 3 shows the slopes in dB/mm and the significance level of the correlations on a per subject basis for each of the conditions and shows that MP mode produced the fewest subjects showing significance individually (40 % at pG0.05). In contrast, with PA stimulation, the thresholds of 70 % of the subjects showed significant correlation with EMML distance at a 0.05 level (and 40 % did at a 0.001 level). The average increase in threshold with EMML distance was similar for PA, TP, and BP while that for MP was lower. The variance of PA thresholds was significantly correlated with the variance of TP (r 2 =0.98; F(1,4)= 138.91; p=0.0013; n=5) and BP (r 2 =0.84; F(1,6)=25.76; p = 0.0039; n = 7) thresholds. No other significant correlations (pG0.05) were found between the six possible pairings of the thresholds.
One way to characterize the relationship between EMML distance and threshold is in terms of the error of each linear fit of threshold versus distance. Figure 5A shows the error of the distance model (i.e., the The table shows subject and mean values for mean distance from the modiolar wall (in mm), mean threshold (in dB re 1 μA), number of method of adjustment (MOA) thresholds per electrode, number of adaptive thresholds per electrode, threshold at the overall mean distance (at 0.89 mm in dB re 1 μA), r 2 , and root mean square error of the linear fit (RMSE dB) RMSE is 3 dB, and the error is small from electrodes 5 to 18. At the two extremes, the error is larger, which we speculate might be due to the limitations of PA focusing with fewer flanking electrodes to focus the current on one side of the channel center. Figure 5B shows the errors for subject S36. For S36 the RMSE is 6 dB indicating that distance is a less successful predictor of threshold for this subject.
We examined the relationship between the RMSE of the distance model and the speech understanding score (expressed as the logit) for each subject and there was a negative correlation between them. The example subject whose thresholds were better predicted by the distance model (S40) had the best speech scores and the other example subject with higher RMSE (S36) had the poorest speech scores. Overall, the larger the error, the worse the speech understanding (r 2 =0.63; F(1,8)=13.34; p=0.0065; n= 10), as shown in Figure 6 . In other words, the better the distance model predicts threshold, the better the speech understanding. If we only include those seven subjects whose thresholds were significantly predicted by distance, the negative correlation is stronger and is still significant (r 2 =0.88; F(1,5)=35.04; p=0.0020; n=7). Note, mean threshold alone was not a significant predictor of speech understanding (r 2 =0.18; F(1,8)= 1.80; p=0.216; n=10) indicating that simple elevation of thresholds was not problematic. EMML distance alone was not significantly predictive of speech understanding (r 2 =0.07; F(1,8)=0.61; p=0.456; n=10), although the statistical power for this analysis was only 21 % given ten subjects and the effect of distance (wrapping factor) reported by Holden et al. (2013) , so the absence of an effect does not contradict their results.
The data also do not support an alternative hypothesis that predicted-threshold at the mean distance (0.89 mm) would be a significant predictor of speech understanding (r 2 =0.08; F(1,8)=0.67; p=0.438; n=10). In the study of Holden et al. (2013) , the subjects with electrodes crossing into scala vestibuli (SV) from scala tympani (ST) had poorer speech understanding on average. In our study, the two subjects with electrodes in SV (S36 and S66) had CNC word scores of 36.5 % on average, while the eight subjects who had no electrodes in SV had CNC word scores of 72.5 % on average -a significant difference on a two tailed t-test (for logit percent correct: t(8)=−2.51; p=0.036; n=10; for percent correct t-test t(8)=−2.9779; p=0.0176; n=10).
DISCUSSION

Medial-Lateral Electrode Position Influences Perceptual Thresholds
Focused (PA) thresholds increased significantly with electrode distance at 11 dB/mm on average (std= 7 dB/mm). The magnitude of the effect of distance observed with TP (mean=13 dB/mm and std=11 dB/ mm) and BP (mean=10 dB/mm and std=8 dB/mm) was similar to that of PA. In contrast, the magnitude of the effect of distance on MP thresholds (mean= 2 dB/mm and std=2 dB/mm) was much smaller, yet still significant across subjects. Thus, electrode position should be accounted for in analyses of the electro-neural interface, studies that analyze the relationship between psychophysical thresholds and SGC counts, and in efficiency considerations in the design of cochlear implants. A re-analysis of the previous literature shows results consistent with our findings. Cohen et al. (2001) plotted threshold as a function of distance with three listeners using BP+1 mode in their Figure 3 , which shows an average of 11 dB/mm (22, 6, and 5 dB/mm for the three subjects). Kawano et al. (1998) reported a significant, positive correlation of distance (measured in cadavers) of the electrode to Rosenthal's canal center in four of five subjects with BP threshold at p≤0.05 using non-parametric statistics. Our re-examination of their data using a multi-level linear model shows a significant slope of bipolar threshold versus electrode distance across the five subjects of 11 dB/mm (p=0.0326) with individual slopes of −1, 10, 14, 15, 21 dB/mm. The −1 dB/mm was obtained with less focused, BP+2, thresholds as opposed to the others with BP+1 thresholds. The present data expands the threshold-distance correlation to new stimulation paradigms and to more subjects with measures based on CT scans available in life.
Monopolar Speech Understanding Is Correlated with Threshold Variance and How Well Electrode Distances Predict Focused Thresholds
Neither mean threshold alone nor mean distance alone significantly predicted monopolar speech understanding in these recipients. The variance of the PA thresholds was significantly correlated with the logit of the speech understanding score (r 2 =0.82; F(1,8)=36.7; p=0.0003; n=10) consistent with one of the metrics proposed by . For their BP data, the correlation of consonant understanding and the variance of threshold was significant (r 2 =0.31; pG0.05; n=21). In our re-analysis of the data of Bierer (2007) , the variance metric was also significantly correlated with speech understanding for BP thresholds (r 2 =0.97; F(1,4)=91.9; p=0.002; n=5) and TP thresholds (r 2 =0.83; F(1,4)=19.8; p=0.011; n=6). In contrast, the variability of the distance was not significantly correlated with speech understanding in this study (r 2 =0.03; F(1,8)=0.24; p = 0.686; n =10). Speech understanding was, however, well predicted by how well a model of electrode distance predicted focused thresholds. This builds on previous work showing that location related, site-to-site differences in focused threshold negatively correlate with speech understanding. used the mean of the absolute value of neighbor-to-neighbor differences of focused thresholds as a negative predictor of speech understanding. We examined this metric's correlation with speech understanding in our data set and found only a marginally significant correlation (r 2 =0.32; F(1,8)=3.71; p=0.09; n=10). Bierer (2007) used the standard deviation of the absolute value of the neighbor-to-neighbor differences of focused threshold. We examined this metric's correlation with speech understanding and observed a marginally significant effect (r 2 =0.33; F(1,8)=3.99; p=0.081; n=10).
Since EMML distance should be a smoothly varying function, as constrained by the mechanical properties of the electrode array and the smooth spiral of the cochlear canal, site-to-site variation in focused thresholds would be expected to be low for a subject whose thresholds were well predicted by electrode distance. Our work using the RMSE of the threshold-distance model extends the previous work by adding information about the position of the electrode array. For our data set, including electrode position information explained more of the variance of speech understanding (r 2 =0.63; F(1,8)=13.34; p=0.0065; n=10) than either of the previously proposed site-to-site metrics.
The finding that speech understanding correlates with the variance of the focused thresholds is consistent with previous studies. Our work extends this concept by showing that, although threshold significantly depends on distance, speech understanding does not correlate with the within-subject variability of the distance. Rather, speech understanding correlates with the variability of the residual of the relationship between threshold and distance.
Effect of Electrodes in Scala Vestibuli
There are two main hypotheses regarding the mechanism by which having electrodes in SV causes a detriment to speech understanding: the incorrect position of the electrodes causes altered current pathways, perhaps from across-turn stimulation (Holden et al. 2013) , or tissue damage where the electrode crosses from ST to SV reduces SGC counts (Nadol et al. 2001) .
In our data, thresholds were significantly higher for the electrodes in the transition zone from ST to SV based on the two subjects with electrodes traversing the scalae (S36: electrodes 7 to 12; S66 electrodes 9 to 11), but this threshold elevation was explainable by distance (with no significant contribution of scalar position when controlling for distance from the modiolar wall). That is, the medial-lateral distances were also significantly higher for those electrodes traversing the scalae than for other electrodes. Thresholds in ST and SV were not significantly different from each other (nor were distances). Also, including vertical (tympano-vestibuli) distance as an additional factor, or as a measure to allow derivation of the hypotenuse of a triangle of distance from the putative site of SGCs, did not improve the threshold predictions. The EMML distance appears to have the greatest explanatory power for threshold.
In addition, controlling for RMSE of the threshold to distance model, the presence of electrodes in SV was not a significant predictor of speech understanding (F(2,7)=2.88; p=0.133; n=10). While controlling for presence of electrodes in SV, RMSE remained a significant predictor of speech understanding (F(2,7)=8.29; p=0.024; n=10). The variance of threshold and RMSE have the greatest explanatory power for speech understanding for our data set.
Inferences About Neural Survival
Subjects with focused thresholds that were not well explained by EMML distance understood speech less well than those whose thresholds were well described by distance. The simplest explanation for changes to thresholds not due to EMML distance is that changes in effective distance caused by gaps in the neural substrate changed thresholds. There clearly are cochlear implant users with extensive loss of SGCs (Fayad and Linthicum 2006; Khan et al. 2005) . Variability in SGC count along the cochlea would introduce variability in the effective distance from the electrodes to the neural tissue and potentially manifest as increased variability in thresholds and particularly in increased variability in thresholds controlling for EMML distance. Thus, variability in threshold not explainable by distance likely indicates variability in the pattern of neural survival.
Alternative Hypotheses
This study makes inferences about neural survival based on thresholds, CT scans, and speech understanding. An alternative hypothesis to explain threshold variation within subjects and speech understanding across subjects would involve bone or fibrous tissue blocking the current flow to the neural tissue. There are a number of factors which argue against this interpretation. We did not observe signs indicative of bone growth in the CT scans and our subject population did not have etiologies associated with rapid bone formation (e.g., meningitis and otosclerosis). Only one of the ten subjects (S40) had any electrodes which showed a significant increase in threshold over time (at a significance level of 0.05 with Bonferroni correction for the number of electrodes per subject), but this subject had very low variability of thresholds across electrodes and one of the best speech understanding scores. Also, other researchers have reported that neither new bone growth nor fibrous tissue growth correlated with speech understanding (Li et al. 2007 ), so such factors would not explain our speech understanding results. The above factors argue against bone or fibrous tissue having a significant effect on the results.
Implications for Interventions to Improve Speech Understanding
This study has focused on making inferences about neural survival in cochlear implant users, information that may be useful for optimizing clinical outcomes. Several researchers have proposed clinical parameter modifications or removal of electrodes based on psychophysical or objectives measures (e.g., Garadat et al. 2012; Noble et al. 2013; Zwolan et al. 1997 ), but there is at present no clinical recommendation that has been widely adopted for such modifications. Our work confirms that the focused threshold variation across the cochlea -and in particular threshold variation not due to EMML distance -is a strong predictor of speech understanding. Deactivation of channels based on high focused thresholds, with or without controlling for EMML distance, might potentially provide benefits to speech understanding.
To explore whether useful predictions can be made without a CT scan, we examined whether the mean distances per electrode across subjects have similar predictive value. The mean distance across all subjects was used to determine a set of residuals of threshold versus this mean distance. This metric was significantly correlated with speech understanding (r 2 =0.50; F(1,8)=7.93; p=0.023; n=10). Thus, a generic threshold-controlling-for-distance metric is possible, to the degree that insertion results from two surgeons and ten subjects can be generalized to all users of the Contour Advance. Studies of insertions of the Contour Advance electrode array in cadaveric temporal bones (Roland 2005; Roland and Wright 2006) have suggested that mid-array electrodes tend to be less perimodiolar than more apical or basal electrodes; and a modified insertion technique that attempts to pull the middle electrodes of the array closer to the modiolus resulted in reduced spread of excitation on mid-array electrodes (Todt et al. 2005) . In patients, ECAP and behavioral thresholds were found to be lowest at the apex and highest at midarray for Contour electrodes (Gordon and Papsin 2013). Thus, the distance pattern observed in this study is likely to be representative of many implanted Contour Advance devices so a generic thresholdcontrolling-for-distance metric may be generalizable.
Another motivation for understanding the status of neural survival and its effect on speech understanding is the growing focus on neurotrophic factors (e.g., Landry et al. 2013; Leake et al. 2013) . If neural loss is a key factor, then neural preservation and regeneration methods may provide an important therapeutic option.
Our approach has been to examine the possible mechanisms underlying variability of focused thresholds and speech understanding. These results have been obtained in a special population of cochlear implant subjects with a research interface. One of our ongoing goals is to apply information about the underlying mechanisms to guide deactivation of channels by techniques that might not require a CT scan, special devices, or laborious psychophysical measures.
CONCLUSIONS
Our results point to SGC loss being an important contributor to reduced speech understanding with a cochlear implant and may explain much of the variability in clinical outcomes across patients. This validates the importance of atraumatic surgery, of research into preservative or regenerative interventions, and the potential for clinical parameter modifications to optimize cochlear implant outcomes.
